Air-suspended Si nanowires and one-dimensional (1D) phononic crystals (PnC) nanostructures were fabricated and the thermal conductivity for each structure was measured. The nanostructures were fabricated by a top-down approach from a 145-nm-thick silicon-on-insulator wafer. The thermal conductivities of these nanostructures were measured by an all-optical system based on the time domain thermoreflectance method that we adapted to measure the properties of air-bridge structures. The reduction in thermal conductivity was clearly observed as the width of the nanowire is decreased due to more frequent surface scattering. The 1D PnC structure showed an unexpectedly low thermal conductivity, which is much lower than that of a nanowire with the average width of 1D PnC nanostructure.
Introduction
Nowadays, a growing interest is given to nanoscale structures in order to develop new materials and devices with engineered thermal and thermoelectrical properties. 1) Since early works 2, 3) reporting diminished thermal conductivities in quantum well structures, many studies have been reported studying the thermal transport inside nanostructured materials. [2] [3] [4] [5] [6] [7] A recent study went as far as to show coherent phonon transport in multiple quantum well structures at low temperatures, 8) which opens new paths towards a phononic approach over the control of thermal transport. In parallel, nanostructures such as Si nanowires (NW) have shown [9] [10] [11] their strong potential compared to bulk for obtaining high thermoelectric figure-of-merit (ZT), even above 1 in the case of Silicon nanowires. 10) This good thermoelectric figure of merit is obtained mostly by decreasing the thermal conductivity, but also by keeping a good power factor. Experimental measures of thermal conductivity have been performed on bulk and nanostructures with all-optical methods, [12] [13] [14] [15] or on nanowires, membranes and other suspended structures by methods involving heating and sensing pads. [16] [17] [18] However, systematic measurements of a great number of suspended nanostructures remain quite arduous due to such a system's design. Our interest thus focuses on the influence of nanostructuring on the thermal conduction in Si nanostructures including nanowires and phononic crystal (PnC) nanostructures with various parameters.
In this paper, we investigate experimentally the effect of nanostructuring on the thermal conductivity of top-down made Si nanowires and PnC nanostructures measured by an all-optical method based on the time-domain thermoreflectance technique (TDTR). The results show that the thermal conductivity is clearly decreased, not only compared to the bulk value, but also from the value of the membrane with the thickness as the limiting parameter. The measurements performed on the one-dimensional PnC show a large reduction in thermal conductivity compared to the similarly sized nanowire, which tend to corroborate similar observations from theoretical investigations. 19) 
Fabrication
The nanowires were fabricated using a top-down approach. The starting material is a [100] lightly boron-doped siliconon-insulator (SOI) wafer with a 145-nm-thick top Si layer and a 1-µm-thick SiO 2 buried oxide layer. The first step consists in drawing the shape and position of the metal pads in the EB resist. A 125-nm-thick Al layer is then deposited by Electron-beam physical vapor deposition after which a lift-off step lets an array of Al pads atop the Si layer. A second electron-beam lithography step is then performed, aligned with the first one, to draw the nanostructures around the metal pads. The Si layer was then etched using an Oxford Instruments reactive ion etching/inductive coupled plasma system with SF 6 /O 2 gas as etchant. 20, 21) The buried oxide layer was removed using hydrofluoric acid to form air-bridge structures. The different nanostructures characteristic sizes were measured by scanning electron microscopy (SEM). Figure 1 is an SEM image of typical Si nanowire airbridge structures. The central Si island is topped with a 125-nm-thick Al pad that serves as a heater by optical pulse heating. This island is connected to the surrounding wafer by the nanowires. The whole structure is suspended by removing the SiO 2 buried oxide layer. Figure 2 show a whole and a close-up SEM image of the 1D PnC nanostructures forming a structure similar to that of the nanowires. The detail of the nanostructures is described in Sect. 4. 
Experimental and analysis

Thermal conductivity measurements
The measurement technique employed is an all-optical time-domain thermoreflectance technique. We modified the classically used femtosecond pulse technique 22, 23) to adapt it for longer decay times. The samples were placed in a vacuum chamber under a pressure inferior to 1 © 10 ¹2 Pa in order to minimize convection. The vacuum chamber is mounted on a moving stage in order to position the sample under the laser beam spot of ³0.7 µm in diameter. A relatively long optical pulse of 500 ns from a laser diode with a wavelength of 642 nm is focused on the Al pad by a microscope objective lens with an numerical aperture of 0.6 for heating. The pulses are triggered by an electrical delay generator, which also triggers the oscilloscope on which the signal is recorded. A continuous wave (CW) diode laser with a wavelength of 785 nm is focused on the same Al pad. The reflection of the CW laser beam is monitored by a photo detector directly connected to the oscilloscope. This measurement gives the temporal evolution of the reflectivity change (¦R) induced by a heating pulse. It can be directly linked to the temperature (T) decay by the relation:
where C tr is the thermoreflectance coefficient. The value of the thermoreflectance coefficient has also been taken from Ref. 24 to estimate the temperature changes. The setup allows for estimated temperature changes of a few Kelvin with sufficient signal to noise ratio for analysis. The airbridge configuration allows us to obtain the thermal conductivity with high reliability, because almost all the given heat by the heating pulse diffuses via the structure of interest.
Analysis method
We performed simulations to obtain the thermal conductivities of the structures by comparing the experimentally obtained TDTR signals and simulated curves. The model uses the heat transfer module of COMSOL Multiphysics μ with the following as the governing heat transfer equation:
where µ is the density, C p the specific heat capacity at constant pressure, k the thermal conductivity and Q contains the heat sources. The model is a 3D representation of the fabricated structures as shown in Fig. 3(a) to simulate thermal diffusion through the nanostructures. The nanowires as well as the 1D PnC are modeled by nanowires in the program. The heating laser pulse is simulated by an inward heat flux which temporal shape is a 500 ns rectangle function and spatial distribution is a Gaussian beam centered on the Al metal pad. The temperature is monitored in the center of the metal pad and this temporal evolution is used to analyze the experimental TDTR signals. Considering the diffusivity of the deposited Al and its dimensions, the temperature is considered homogeneous in the pad. We also confirmed that the Al pad and the Si island are in thermal equilibrium in the time range of our interest. Both the measured values and the simulated curves are normalized in order to compare the experimental TDTR signal. It is considered that in the heating range in which the measurements have been done, the temperature does not have a noticeable influence on the thermal properties of the structures under study. We can clearly see that a diminution in the width of the nanowire lead to a decrease in the thermal conductivity of the nanowire, as expected from the theory and previous measurements. 25, 26) The reduction in the thermal conductivity stems from the increase of the surface scattering at the side walls of the nanowire. The reduction is dramatic when the nanowire width becomes narrower than the thickness of the nanowire. An extrapolation of the thermal conductivity Figure 4 (a) shows the measured decay curves for different 1D PnC. The design of the PnC is the same for the three curves, with the smallest width (neck size) of 89 nm and a period of 300 nm. The designed filling factor is about 50% and the largest width is 300 nm. The difference lies in the lengths of the beams, ranging from 6 to 12 and 18 µm. In the decay curves shown in Fig. 4(a) , the scattered points are the measured values and the lines are the corresponding simulation curves that fit best. The three simulations were done with exactly the same parameters including the thermal conductivity except for the length of the beams. All the experimental TDTR signals are well reproduced by the simulated curve. This result supports the reliability of the simulation.
Results and discussion
Si NW
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The 1D PnC thermal conductivity best fit is obtained for a simulation with an equivalent nanowire width of 89 nm (corresponding to the neck size of the structure). The obtained thermal conductivity of the 1D PnC is about 58 W/(m0K), which is much smaller than that of the corresponding nanowire, as shown in Fig. 4(b) by a red circle. This value is an average of the 16 PnCs present in each structure. This number being taken into account in the COMSOL model, it only slightly affects the precision on the obtention of the thermal conductivity. It is interesting that the thermal conductivity of the 1D PnC is much smaller than the average thermal conductivity of the nanowires with a small and a large part. This result suggests that apart from the scattering effect present in the nanowires, some other effect plays a role in the decreased thermal conductivity, such as backscattering due to the large part of the PnC nanostructure. It is considered that there can be some phononic effect, which reduces the group velocity of phonon modes, 28, 29) but it seems not so large with such a relatively long period structure at room temperature. 30) Further investigation of the effect is required both experimentally and theoretically to estimate the influence on the thermal conduction, and we will report it elsewhere.
Conclusions
In this contribution we have reported both the fabrication and the decreased thermal conductivity of both Si nanowires and 1D PnC. This decrease stems from the reduced size of the structures for the nanowires. The 1D PnC thermal conductivity being lower than that of the corresponding nanowire, other effects such as backscattering and the phononic effect necessarily account for it. Only one geometry of phononic crystal was reported here but its optimization, as well as other designs are currently under investigation. It is also expected that the phononic effect in particular would be easier to observe at lower temperature due to the longer phonon mean free paths, which is also under investigation.
